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N ABSTRACT

- - Cyclic voltammetric measurements of adsorbed Fe- and Co-tetrasulfonated phthalocyanine (TsPc)
> and Co-phthalocyanine (Pc) have been carried out on ordinary pyrolytic graphite and silver electrodes at
different solution pH ranging from 1 to 13. Many voltammetry peaks were found to be pH dependent
with a slope of —59 mV /unit pH. In some instances this dependence was observed in alkaline or acid
- solutions only. The influence of oxygen has been also examined.

: INTRODUCTION
v ' Metallo-porphyrins and the related macrocycle metallo-phthalocyanines have
. been known for a long time both as homogeneous and heterogenerous catalysts in a
. wide range of chemical reactions [1-3]. Despite considerable effort, however, the
" catalytic mechanism is still not well understood. The macrocycles function as redox
A ,‘) catalysts, metal complex changing oxidation state during the catalytic cycle. The
N catalytic activity of the complexes is dependent on the central metal ion involved
. and the total oxidation state of the complex. At least six different oxidation states
N have been observed through chemical and/or electrochemical reduction and oxida-
- tion of porphyrin or phthalocyanine systems [1,3].
o Numerous studies have considered the redox electrochemistry of porphyrins and
-~ phthalocyanines [4-14), the majority with solution phase species. The redox poten-
! -_:;
o * Permanent address: Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Yugos-
L lavia
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tials depend on factors such as the nature of the complex and its side chains, the
central metal ion, the axial ligands, ion pairing, solvent and polymerization
[10,13-15). In most instances, in voltammetry studies, the redox peaks correspond to
one-electron diffusion controlied processes. Because of the poor solubility of these
compounds in water (unless some polar groups are introduced), organic solvents
such as DMF, DMSO, and DMA have frequently been used.

Several electrochemical studies have been carried out with the complexes ad-
sorbed or otherwise attached to an electrode surface [16-20]. Because of the
interaction between the adsorbed molecule and the electrode surface, redox poten-
tials differing from those in homogeneous solution may be expected. Furthermore,
an electrode such as graphite with its functional groups acting as the axial ligand of
the macrocycle can exert an additional influence on the redox potentials. Dioxygen
interacting with the complex via axial coordination to the central metal ion or via
peripheral bonding to the macrocycle ring can also influence the redox potentials
(18-20).

The redox properties of Co- and Fe-tetrasulfonated phthalocyanine (-TsPc)
adsorbed on graphite surfaces in aqueous solutions have been reported [16,17]). The
potential range used in these previous investigations, however, was not sufficiently
wide to indicate all the redox potentials of interest. The present work has been
undertaken with the aim of further characterizing Co- and Fe-TsPc in aqueous
solutions at various pH over a wider potential region including that suitable for O,
reduction.

The iron and cobalt metallo-porphyrins and phthalocyanines have been found to
be quite active catalysts for O, reduction [16-19,21]. The factors which make these
two metals so effective are not clearly understood. Certain binary metal complexes
such as the dicobalt face-to-face porphyrins which can form a dioxygen bridge have
been shown to catalyze the overall 4-electron reduction of O, to H,O in acid
solutions [18). A planar bicobalt dipyridyl complex which can form a dioxygen
complex also catalyzes the 4-electron reduction of O, [22). Fe-TsPc adsorbed on
graphite has also been found to catalyze the overall 4-electron reduction in alkaline
solution. Co-, Ni- and Cu-TsPc, however, catalyze the 2-electron reduction to
peroxide in alkaline solutions and not the overall 4-electron reduction {16,21). There
are some relationships between macrocycle redox potentials and affinity towards
reversible binding of oxygen in solution phases [23,24]. It is not yet established,
however, whether such relationships exist when the complex is adsorbed on the
electrode surface. Oxygen adduct formation with Co-TsPc in aqueous solutions, in
alkaline pH [25,26] and also at pH 1 [27] has been reported. Although there is some
controversy concerning the mechanism and products of the reversible oxygenation of
aqueous Fe(II)-TsPc solutions [27-30), there is no doubt that Fe(II)-TsPc reacts with
0O,. Recently, it has been proposed that Co-TsPc adsorbed in monolayers on
platinum, gold and the basal plane of stress-annealed pyrolytic graphite may form a
dioxygen bridged dimer TsPc-Co-O-O-Co-TsPc complex at potentials more
positive than those for O, reduction [31)] analogous to the oxygen adduct proposed
to exist in aqueous solutions [25,26).
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Although the aggregation of Fe-TsPc and Co-TsPc is well established, the nature
of the dioxygen interaction with these complexes in solution as well as adsorbed on
surfaces remains uncertain [25,34-40].

Cyclic voltammograms are reported in this paper for Fe- and Co-TsPc adsorbed
on ordinary pyrolytic graphite and silver electrodes in helium and oxygen saturated
aqueous solutions in the pH range 1-13. (The valencies indicated are those of the
complex added to the solution from which the adsorption occurs.)

EXPERIMENTAL

The metallo-tetrasulfonated phthalocyanines Fe(III)- and Co(II)-TsPc were
synthesized and purified according to the method of Weber and Busch [30]. The
electrolytes were prepared from ultra pure grade sulfuric acid (Baker Ultrex), special
low carbonate NaOH pellets (J.T. Baker) and analytical grade Na,SO, (Fisher
Scientific Co.) with triply distilled water.

An ordinary pyrolytic graphite (OPG) (Union Carbide) disk, 5 mm diameter, and
a high purity silver disk (99.999%), 0.64 cm diameter, embedded in the end of Teflon
rods were used as working electrodes. The electrode surfaces were polished with a
water suspension of Al,O, before every experiment. The last polishing was done
with a particle size of 50 nm. The electrodes were then placed in an ultrasonic
cleaning bath filled with triply distilled water for 5§ min and finally rinsed with fresh
water.

A gold foil (99.9% pure) and a saturated calomel electrode, placed in external
compartments served as counter and reference electrodes, respectively. These com-
partments were separated from the bulk electrolyte with fritted glass disks. In
addition a closed Teflon stopcock salt bridge (0.05 M Na,SO,) was used to connect
the reference electrode compartment. The potential of the working electrode was
controlled with a potentiostat (PARC-173) and wave form generator (PARC-175)
and cyclic voltammograms were recorded using an X-Y recorder (Omnigraphic
2000).

All experiments were carried out at room temperature (~ 25°C). Helium or
nitrogen were purified using a series of traps consisting of silica gel, a de-ox catalyst
(Alpha Ventron) and molecular sieves maintained at liquid N, temperature. Oxygen
(Linde) was purified using a series of traps consisting of silica gel, Hopcalyte and
molecular sieves.

The following procedure was employed in most experiments. The starting electro-
lyte was usually 0.05 M Na,SO,. After deaeration of this solution by bubbling N,
or He for at least 30 min, 1 ml of the appropriate TsPc stock solution (1073 M in
water) was added to 100 ml of the electrolyte and a 10~° M solution thereby
obtained. Cyclic voltammograms were then recorded and a few milliliters of the
electrolyte were withdrawn from the cell to measure pH. In order to change the pH
of the electrolyte, 1 ml of concentrated H,SO, or NaOH was added as appropriate.
The voltammetry was then repeated, the pH measured again and so on. In this way
cyclic voltammetry was performed in the pH range 11.3 to 12.8. In the pH range
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from 6 to 9 the measurements were completed under buffered conditions using
appropriate borate and phosphate solutions.

In addition to water soluble Co- and Fe-TsPc, Co(Il)-Pc was also examined. In
this case preadsorption was performed by putting a drop of 107° M Co(II)-Pc
pyridine solution onto the electrode surface. After ca. 5 min the electrode surface
was rinsed with neat pyridine, then with ethanol and finally with distilled water.
Under such circumstances the initial species on the electrode is PcCo(II)Py [41].

All of the voltammograms were recorded after sufficient cycling to achieve steady
state conditions.

RESULTS
Experiments under an inert atmosphere

Immediately after addition of M-TsPc to the supporting electrolyte, the first
potential sweep over the given range (e.g., —0.8 to 0.3 V vs. SCE in 107°> M
Fe(IIT)-TsPc pH 10.7) at 200 mV /s gave hardly detectable voltammetric peaks. The
height of the peaks increased with time and the steady-state was attained after about
30 min. Rather similar observations were reported by Nikolic et al. [31] while
investigating the electrochemical behavior of 10~* M aqueous solutions of Co(II)-
and Fe(III)-TsPc using Pt and Au electrodes. They found that during potential
cycling (in the range of 0.0-0.8 V vs. a-Pd/H electrode) at a sweep rate of 100
mV /s, voltammetric peaks of the hydrogen adsorption/desorption and oxide forma-
tion /reduction processes decreased with time with adsorption of the macrocycles.
The adsorption equilibrium was established after 30 min. This suggests that adsorp-
tion of the macrocycle can displace other sorbents. Slow adsorption has also been
reported by Brown et al. [42] investigating the electrochemical behavior of 107 M,
9,10-phenanthrenequinone and 10~* M Ru(NH,)2* ion on a pyrolytic graphite
electrode in 1 M CF,COOH. They found that complete adsorption of the former
takes more than 50 min, whereas the wave corresponding to a redox process of the
Ru(NH,)?* ion, which does not adsorb on the graphite surface, does not change
with time. To obtain well defined voltammetry peaks with M-TsPc, potential cycling
was necessary, the best results being obtained with high sweep rates, e.g., 20 V/s. An
OPG electrode standing at open-circuit potential in a Fe(III)-TsPc at potentials
between peaks 3 and 4 in Fig. 1 did not exhibit any significant voltammetry peak
even after 2 h, no matter what the Fe(III)-TsPc concentration or pH or atmosphere
(O, or He). In contrast to OPG, fairly good peaks could be obtained on silver
electrodes which stood in Fe(III)-TsPc solution on open circuit for a few min, but
potential cycling still significantly increased the peak heights in the voltammogram.
Evidently the slow achievement of steady-state is not due to the low diffusion
coefficient of Fe(11I)-TsPc, but to kinetic factors, and the preparation, via cycling, of
a clean surface.

Typical cyclic voltammograms of an OPG electrode in N, saturated 107° M
Fe(III)-TsPc alkaline solution are shown in Fig. 1. For clarity, redox couples
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Fig. 1. Cyclic voltammograms on OPG in 0.05 M Na,SO,. pH 10.7 (N,-saturated) containing 10~3% M
Fe(I11)-TsPc at different scan rates in mV /s.

observed in alkaline solution are labelled 1, 2, 3..., and those observed in acid
solution A, B, C..., with 1 and A the most negative couple observed. It does not
necessarily follow that couples 1 and A, etc, arise from the same redox process. The
anodic as well as the cathodic peak currents are directly proportional to the sweep
rate over the range examined (20-500 mV/s). The peak potential separation
(E, anodic — Ep.camodic) is very small (less than 10 mV) for all peaks. A slightly higher
value is observed for peak 1 at high sweep rates. Otherwise, the peak separation is
practically independent of the scan rate. There is no stirring dependence of the peaks
heights and no contribution of unadsorbed Fe(III)-TsPc in the solution phase. All
these observations indicate that the voltammetric peaks are due to Faradaic processes
involving adsorbed species. Identical results were obtained after the Fe(III)-TsPc
solution was replaced with the supporting electrolyte. The adsorbed Fe-TsPc,
however, diffuses from the electrode surface with time and the magnitude of the
peak currents decreases. A progressive decrease of peak heights is also observed
when the upper limit was more positive than the potential of peak 4, or more
negative than the potential of peak 1. 1 or 2 min poised at one of these potential
limits causes complete disappearance of the peaks, possibly due to decomposition of
the ligand, demetallization or desorption.

The charge involved in the redox processes of the adsorbed Fe-TsPc can be
estimated from the area under the peaks. Charges of 57, 13, 16 and 17 uC/cn?* have
been determined corresponding to peaks 1, 2, 3 and 4, respectively. The last three
values are in reasonably good agreement with the 13 uC/cn® reported by Zagal on
OPG [21]). Of particular interest is the number of electrons (n) involved in each of
the redox processes corresponding to these peaks. Since these peaks are reversible,
Nernst behavior is expected. Thus, for a given peak with a redox reaction of the
form

Ox+ne =R (1)
the reversible potential assuming ideallity, is
E = E,—(RT/nF) In[6/6,,] (2)
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where 8, is the fraction of the adsorbed species in the reduced form, 6, is the
fraction in the oxidized form and E, is the standard electrode potential correspond-
ing no 6 =1/2. The voltammetric peaks are sufficiently separated that each peak
can be treated separately with eqn. (2) and 8 + 65, can be taken as equal to unity.
For such a system, the peak current in the voltammetric curves is refated to the
sweep rate by the equation [16,43]

ip= (n*F?/4RT )0l (3)

where T is the total surface concentration of the adsorbed species in mol/cm? and v
is the potential scan rate. The charge Q under a given voltammetric peak (either
cathodic or anodic) is related to I' through the equation

Q=nFT (4)
Thus the value for » is given by
n=i 4RT/QFv (5)

Using the experimental values for i,,/Q, eqn. (5) yields values of 0.8 for each of the
four peaks, indicating that one electron per molecule is involved in each of the
surface redox processes. The deviation from a value of 1 is probably caused by the
non-ideality of the system (e.g., slow kinetics). Possible evaluations for the higher
charge under peak 1 even though n = 1 will be discussed later.

The voltammograms shown in Fig. 1 retain approximately this shape in the
alkaline region (pH 8-13). In acid solutions, however, peak D becomes smaller in
magnitude as the pH decreases and, at pH less than 4, disappears. In addition,
scanning to an upper limit more positive than the potential at which peak D is
expected to appear gives rise to irreversible oxidation modifying the remaining three
peaks (see Fig. 2). Hence, to observe the first three peaks, the upper limit must not
be much more positive than the potential of peak C. In these solutions peak C
becomes broader, less symmetrical and at pH 1 the complementary cathodic peak is
too broad to determine its position precisely.

Figure 3 presents typical cyclic voltammograms on OPG in N, saturated 1075 M

a5 0 05 ENVvs SCE

Fig. 2. Cyclic voltammograms on OPG in 0.05 M Na,SO,, pH 3.5 (N,-saturated) containing 10~* M
Fe(II1)-TsPc at diffferent upper limits; scan rate 200 mV /s.
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Fig. 3. Cyclic voltammograms on OPG in 0.05 M Na,SO,, pH 10.7 (N;-saturated) containing 10~° M
Co(II)-TsPc at different scan rates in mV /s.

Co(II)-TsPc alkaline solution. The linear propostionality of peak current to scan
rate, small peak potential separation and negligible influence of unadsorbed Co-TsPc
from the solution phase have also been observed in this case, indicating redox
processes involving adsorbed species. Only three well defined peaks, however, are
observed in this case. The cathodic limit significantly influences the shape of the
voltammograms. When less negative than the potential of peak 1, the very broad
wave between peaks 2 and 3 disappears and these become as sharp as those in the
case of Fe-TsPc (see Fig. 4). From the scan rate dependence of the peak currents
densities and the corresponding transferred charge, one-electron transfer appears to
be involved in each case.

In contrast 10 Fe-TsPc, in acid solution Co(II)-TsPc gives the same number of
peaks as in alkaline solution. Peak B, however, becomes very broad which is not the
case for Fe-TsPc (see Fig. 5).

Co-Pc preadsorbed in OPG from pyridine solution shows very similar behavior to
that of Co-TsPc. The number of peaks is the same in acid solutions (see Fig. 6), but
peak 1 is missing in alkaline solutions most likely because it is out of the voltage
range. All peak positions are apparently equally shifted by about 80 mV towards
more negative potentials relative to the unsubstituted species.

The voltammetry curves for adsorbed H,-TsPc have also been examined and
contain interesting information which will be discussed in a future paper.
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Fig. 4. Cyclic voltammograms on OPG in 0.05 M Na,SO,. pH 12.8 (N,-saturated) containing 105 M
Co(II)-TsPc at different lower limits (scan rate 200 mV /s) (A); and different scan rates in mV /s (B).
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Fig. . Cyclic voltammograms on OPG in 0.05 M Na,SO,, pH 1.3 (N,-saturated) containing 10~° M
Co(11)-TsPc at different scan rates in mV /s.

A similar feature of the adsorbed Fe- and Co-TsPc complexes is the pH
dependence of the voltammetry peaks (Fig. 7). In most instances, the slope of the
plots of peak potential vs. pH is ca. —59 mV /unit pH. A similar value (—57
mV /pH) has been reported by Zagal [21] for peak 3 of adsorbed Fe-TsPc and also
by Brown et al. (42] for Fe-proto-porphyrin IX on graphite (— 60 mV /pH).

: Experiments with a silver electrode in acid solutions gave similar voltammograms
= to those on OPG (see Fig. 8). However, because of silver dissolution at positive

potentials only the two most negative peaks could be observed. The peak currents on
Ag are directly proportional to the scan rate within the range examined (20-500
mV /s). The peak potential separation between the positive and negative sweeps is
higher (e.g., 40 mV at 100 mV /s) than on OPG and increases slightly with scan rate.
In contrast to the OPG surface, the preadsorbed layers of the macrocycle are more
stable. On Ag, the peak currents did not change significantly for several hours after
the TsPc solution had been replaced by a solution containing only the supporting
electrolyte. With the OPG electrode the peak currents of preadsorbed Fe-TsPc in

-Q5 0 QSENVSSCE

Fig. 6. Cyclic voliammograms of Co-Pc pre-adsorbed on an OPG electrode in 0.05 M Na,SO,. pH 3.3
(N,-saturated) at different lower limits; scan rate 500 mV /s.
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Fig. 7. Average cathodic/anodic voltammetric peak potentials as a function of pH of elecuolyte

containing 10~* M Fe-TsPc or Co-TsPc. (a) Fe-TsPc: (b) Co-TsPc, Co-Pc (008®).

acid solutions at pH < 4 are significantly smaller than in the presence of Fe(11I)-TsPc
in solution. On Ag, all of the peaks shift towards negative potentials with increasing
pH with a slope of —60 mV/pH. At the same time they become broader, their
magnitudes decrease and at pH > 7 the peaks do not appear. However, desorption of
the complexes does not occur in alkaline solutions since a reacidification of the
supporting electrolyte regenerates the peaks. Moreover, good surface enhanced
Raman spectra have been obtained in alkaline solutions indicating the presence of
the adsorbed macrocycles [27].

While voltammetric curves are readily obtained with Fe and Co-TsPc dissolved
ibn an organic solvent such as acetonitrile. Efforts to obtain the voltammetric curves
for the aqueous solution phase Fe- and Co-TsPc species have been unsuccessful even
using quite concentrated solutions of these species (10~2 M). The difficulty in
obtaining voltammetric curves may be caused by substantial aggregation in the
concentrated aqueous solution and low diffusion coefficients in the dilute solutions.

-Q5 0 ENVvS.SCE
Fig. 8. Cyclic voltammograms of preadsorbed TsPc on a silver electrode in 0.05 M H,SO, (He-saturated)
(A) Co-TsPc (B) Fe-TsPc Scan rate 100 mV /s; electrode area 0.32 cm?,
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Fig. 9. Cyclic voltammograms on OPG in 0.05 M Na,SO,, pH 12.8 and pH 1.3 containing 10™3 M
Fe(IlI)»TsPc under N, atmosphere (———) and in the presence of O, (#8®); scan rate 500 mV /s no
rotation.

Experiment withs O, present

The effect of O, on cyclic voltammograms at the OPG electrode in alkaline
solutions containing 10~° M Fe(III)-TsPc is shown in Fig. 9. The O, reduction
begins more negative than the reduction process corresponding to peak 3, but there
is no change in the voltammogram at potentials more positive than that of peak 3. In

i/mAem®
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Fig. 10. Cyclic voltammograms on OPG in 0.05 M Na,SO,, pH 12.8 and pH 1.3 containing 10~% M
Co(I1)-TsPc under N, ( ) and O, (@@®); scan rate 500 mV /s no rotation. (Note: at pH 1.3 when

the lower limit is 0.0 V, there is no difference between N, and O, voltammograms.)
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i

Co(I1)-TsPc in the presence of O, ( ) No rotation; (8@@) rotation rate 1600 rpm.

- less alkaline solution, as well as in acid, O, reduction starts at slightly more negative
e potentials than that of the reduction process of peak C.

! In contrast to Fe-TsPc, the voltammetric curve for Co-TsPc is significantly
; affected by the presence of O,. In alkaline solutions (see Fig. 10, in addition to
changes in the voltammetric curve in the region of peak 3, an irreversible anodic
peak appears. In acid solution (pH 1) this wave is not observed, but changes in the
region of peak 3 are still present. If the lower limit is positive enough to avoid
TOAR oxygen reduction, the influence of O, is not observed. These observations have been
made without rotation of the OPG electrode. If the electrode rotates (e.g., 1600 rpm),

. these effects disappears (see Fig. 11). We conclude that the extra anodic peak is
derived from the oxygen reduction product H,0,. Separate experiments performed
under N, or He atmosphere in the presence of 10~* M H,0,, in the region where O,
reduction does not take place, confirm this explanation (see Fig. 12).

o
W "'
o Fig. 12. Cyclic voltammograms on OPG in borate buffered solution, pH 8.7 and 0.05 M Na,SO,, pH 1.3
Z (both containing 10~* M Co(II)-TsPc) under He atmosphere in the presence of O,; and under He
_*Z atmosphere in the presence of 10~ M H,0,; scan rate 500 mV /s; no rotation.
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[ DISCUSSION

'L Aggregation

B

K The UV-visible absorption spectra {44} of the Fe(11I)-TsPc in solution at con-
i centrations of ~ 10~ M provide evidence that most of the complex is associated in

acid (0.05 M H,SO,) and alkaline (0.1 M NaOH) solutions, using as a criterion the

- predominance of the peak at ~ 630 nm over that at ~ 670 nm. For the 10~% M

- Co(II)-TsPc the 620 nm peak is predominant ove: tae ~ 665 nm peak in 0.05 M

= H,SO, but not in ).1 M NaOH, indicating that the association is much less in the

- alkaline solution than in the acid solution, probably because of charge repulsion

- between the SO, and OH ™ groups. The difference in the behavior of the FeTsPc

and CoTsPc systems may arise from the formation of a strongly bound u-oxo

complex in the former case, constraining thereby the close association of two

phthalocyanine units in alkaline solutions. CoTsPc does not form a u-0x0 species. A

monomer-dimer equilibrium may be involved with Co(II)-TsPc in neutral aqueous

solutions of <10~3 M with an equilibrium constant of K =2.05 + 0.05 X 10~*

M~ as determined by Schelly et al. [36] using the 665 nm peak as a measure of the

i monomer concentration. At higher concentrations, as well as higher ionic strengths

(>10~* M), higher association or polymerization than the dimer is apparently
‘N involved [34-40).

Some visible reflectance spectral data have been reported for Fe- and Co-TsPc
adsorbed on the basal plane of highly ordered graphite and platinum (31]. The data
are of sufficient quality to use as a criterion for association only in the instance of
the preadsorbed Fe-TsPc in 0.1 M NaOH. The spectra with both the graphite and
N platinum resemble the solution phase spectrum with the 630nm peak shifted to
~ 635 nm and predominant over the longer wavelength peak at ~ 665 nm. This
X provides evidence for, association of the adsorbed Fe-TsPc even from alkaline

- . solutions, as has been observed for the solution phase.
- The pK values for the ionization of the sulfonic acid groups on the TsPc ligand

are not known. The pK of benzene sulfonic acid is 0.7 [45] and the values for the
. sulfonic acid groups in the TsPc ligand are also probably very low. While the pX
o should increase as the successive sulfonic groups become ionized, this shift of the pX
values is probably quite small since the groups are widely separated and the charge
can be compensated by cations of the supporting electrolyte (Na*). Thus, except in
. very acid solutions, the four sulfonic acid groups are expected to be ionized. The
' large negative charge should suppress the tendency for aggregation but this charge is

probably, in part, offset by association with Na™ ions of the 0.05 M Na,SO,

supporting electrolyte.

The Raman spectra have also been obtained for Co- and Fe-TsPc adsorbed on
silver, taking advantage of the large surface enhanced Raman scattering on this
surface, as well as resonant or pre-resonant Raman enhancement [46-48]. These

..[ Raman spectra resemble those of the corresponding aqueous solution phase species
[+ at —107° M [49]. Raman polarization data obtained on the low index surfaces of
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single crystal silver (without activation) [50] confirmed the earlier hypothesis [48]
that the TsPc ligand is perpendicular to the silver surface. The similarity of the
voltammetry curves for Co- and Fe-TsPc adsorbed on graphite and silver suggest
that the orientation of the TsPc ligand may be the same on both of these surfaces.
Such an orientation permits the dissociation of the aggregates without simultaneous
desorption and loss of part of the adsorbed layer into the bulk solution. Unfor-
tunately, the Raman spectra obtained with visible frequency laser lines are not very
sensitive to axial ligands.

The voltammetry peaks are much better defined for the adsorbed TsPc complexes
on OPG in alkaline than in acid solutions, and quite reversible. This suggests a
difference in the structure of the adsorbed layers in alkaline and acid electrolytes.
One possibility is that the adsorbed Co- and Fe-TsPc are monomeric in alkaline
solutions, while dimers are involved in acid solution. The spectroreflectance data,
however, provides evidence that at least for the adsorbed Fe-TsPc, a dimeric species
is involved in alkaline solution. A more likely possibility is that the predominant
adsorbed Co-TsPc, as well as Fe-TsPc, species are the dimers in alkaline solution
and that the adsorbed layers involve even higher aggregates in acid media.

Two limiting electrochemical situations can be envisaged for the adsorbed layers
involving aggregations. Assume dimeric aggregation for simplicity. One electron
reduction (or oxidation) of the dimer occurs and there is a rapid dis-aggregation
followed by reduction (or oxidation) of the other molecule. If the disaggregation is
fast on the electrochemical time scale, the voltammogram would appear like that of
an unaggregated species. If the dis-aggregation is slow on the electrochemical time
scale (or does not occur), then a second wave should be seen, corresponding to the
reduction (oxidation) of MPc in a partially reduced (oxidized) mixed valence dimer.
This has recently been discussed briefly by Kadish in his consideration of (CN);PcZn
[51]. Thus for this situation a pair of peaks is expected. More subtle aspects of the
electrochemistry of aggregated phthalocyanines will be discussed elsewhere [52].

Peak assignment in alkaline media

We shall first discuss the voltammetric curves in alkaline solutions, where the
behavior is very well defined, with 3 or 4 reversible redox couples.

Fe-TsPc. Previous experience with FePc systems {8,10,13] shows that the FePc
systems can exist in Fe(I), Fe(II) and Fe(lII) redox states. The Pc ring in its normal
oxidation state carries two negative charges (written Pc( — 2)) using the nomenclature
outlined in ref. 53 and not including the charge associated with the ionized sulfonic
acid groups. In the potential scan region discussed here, the ring may be oxidized
(cation radical Pc( - 1)), or reduced (anion radical Pc( — 3)). On the basis of solution
electrochemical studies [9,10,15,54], the peaks observed in Figs. 1-3 can be assigned
as follows (omitting axial ligands):

Peak 4: Fe(1II)TsPc( - 1)/Fe(IIITsPc( - 2)

Peak 3: Fe(III)TsPc( —2)/Fe(II)TsPe( - 2)

Peak 2: Fe(II)TsPc(—2)/Fe(I)TsPc( — 2)

Peak 1: Fe(I)TsPc( ~2)/Fe()TsPe(— 3)




0% ARER AR R S R A A AR S MR G I A B B B & A b AN A B g B A St S LN S, B Ul i Gl AP e el b o Aol A BV etk A e e TN R '.'-}H
L]

S
b,
SN
l;. ’
A
i':;
“’ 14
e
(‘_ The unusually high charge under peak 1 is considered later.
) Under an oxygen atmosphere, reduction is expected to occur at, or slightly
\: ; negative of, the Fe(IIITsPc(—2)/Fe(II)TsPc(—2) couple, since air oxidation of
R4 Fe(II)Pc species has been observed [10,33). This reduction is seen to occur at peak 3,
:‘ corresponding to the reduction of Fe(III)TsPc in alkaline solution (Fig. 9a). Uv/vis
b spectroelectrochemical studies as a function of pH have also been carried out in a
. thin layer cell with a solution of FeTsPc (and CoTsPc) using a gold minigrid. These
1-:-'_r results, which will be discussed elsewhere [55], are in agreement with the peak
s assignments shown above.
ey Co-TsPc. Co-TsPc systems can also exist in the Co(I), Co(I1) and Co(I1I) redox
[~ states [9,11,13,41,52,56,57]. The Co(III)TsPc( —2)/Co(ITsPc( - 2) couple is very
o sensitive to the presence or absence of axial ligands because Co(III)TsPc( —2) is very
. unstable in the absence of strong donor (solvent or supporting electrolyte anion)
P molecules [41,52]. Water is a relatively weak ligand towards both Co(II) and Co(I1I)
f Y and the Co(III)TsPe( — 2) /Co(II)TsPe( — 2) couple is certainly found above 0.0 V vs.
} SCE. Thus peak 2 is reasonably associated with Co(IDTsPc(—2)/Co(I)TsPc( -2)
) since it is too negative for the Co(III)/Co(Il) couple. Peak 1 by analogy with the
< Fe-TsPc system is assigned as reduction to the anion radical.
' Peak 3 presents certain problems in assignment. In the absence of strongly
" coordinating ions, the oxidation couple Co(I)TsPc(—1)/Co(II)TsPc(—2) may lie
'}::: below (more negative than) the Co(III)TsPc(—2)/Co(II)TsPc(~2) couple [52,58].
e Thus peak 3 may correspond to either of these two possibilities. In alkaline medium
:{;' the OH™ ion should act as a good counter anion (and axial ligand) for Co(III). It is
- reasonable to associate peak 3 with the Co(III)TsPc(—2) /Co(II)TsPc( — 2) couple in
alkaline medium especially as it shows a —95 mV /unit pH slope. Oxygen reduction
sl in alkaline medium, however, occurs significantly negative of this peak. Note that
~:.: the pH dependence of these couples parallels exactly that for FeTsPc supporting
s parallel assignments.
T Thus the following scheme supported by solution spectroelectrochemistry [55] is
> proposed for pH > 7:
)
A Peak 3: Co(IIDTsPe( —2)/Co(II)TsPe( — 2)
T Peak 2: Co(II)TsPc( —2)/Co(I)TsPc( - 2)
! N Peak 1: Co(I)TsPe( ~ 2)/Co(I)TsPe( —3)
f' Peak assignment in acid media
W The voltammogram recorded in acid media can be quite voltage window depen-
“:la dent, as shown in Fig. 2, and the peaks may be broad all ill-defined. It seems
‘u‘: reasonable, however, to associate peaks C and D in acid media for FeTsPc with
N peaks 3 and 4 in alkaline media.
AhY Since it is unlikely that OH™ will bind to Fe(II)Pc, it is not surprising that the
o slope of the Fe(II)Pc/Fe(I)Pc couple in alkaline medium (peak 2) is zero. It is
-’" strange however that the slope in the acid medium is —59 mV /unit pH (peak B). It
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is possible that peak B corresponds with the couple Fe(II)TsPc(—2)/[Fe(II)Ts-
Pc(—3)]7, i.e. reduction of the Pc ligand while maintaining the iron in oxidation
state 2. However our spectroelectrochemical and esr studies in solution negative of
peak B [55] do not support this hypothesis, but rather point towards the
Fe(IITsPe( —2) /[Fe(I)TsPo( —2)]~ couple as in alkaline solution. However the
possibility of reduction of Fe(II)TsPc( —2) occurring to a species more completely
represented as a hybrid of reduced metal and reduced ligand should be recognized.

It is difficult to study the solution spectroelectrochemistry of FeTsPc, negative of
peak A because of solute decomposition. Similarly attempts 1o widen the potential
window beyond —0.7 V in acid media, in the adsorbed state, were unsuccessful due
to drastic irreversible changes. However, we were able to study this region of the
voltammagram in solution spectroelectrochemical studies of CoTsPc [55]. These
studies clearly show that peak A involves a reduction step to Co(I)TsPc(-3)
subsequent to the reduction process at peak B. Thus assuming the solution and
adsorbed behavior are comparable, peaks A and B involve the couples:

B Co(I)TsPc(—2)/Co(I)TsPc( - 2)
A Co(I)TsPc(—2)/Co(I)TsPc( — 3)

Given the close similarity in behavior between Co and FeTsPc (see Fig. 7) it is
reasonable to assume an analogous assignment for peaks A and B in the latter
species. Similarly, peaks C and D may be assigned as follows, also with support from
spectroelectrochemistry (55):

D Co(III)TsPo( - 2)/Co(I1)TsPc( - 2)
D Fe(lI)TsPe(—1)/Fe(III)TsPc( — 2)
C Fe(II)TsPe( —2)/Fe(ITsPc( - 2)

Previous solution studies have shown that the potential of the Co(I1I)/Co(11) couple
is extremely sensitive to the nature of the axial ligand, and to variation in coordina-
tion number from five to six [14,1541,52] The C region in Co-TsPc (Fig. 6)
probably reflects the existence of variously axiaily coordinated CoTsPc species.

According to the development above, peaks 1 and A belong to the same redox
process yet there is a discontinuity as a function of pH (Fig. 7). We defer discussion
until the following section.

pH dependence

In Fig. 7 is displayed the pH dependence of these various peaks. Most show an
approximate —59 mV /unit pH slope indicative of one proton or one hydroxyl
group being involved in the redox couple equilibrium.

The following general equilibria would be expected to show such a dependence:

(HO)M(III)TsPe(—2) + e~ == M(II)TsPe(-2) + OH™ (6a)
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. (HO)M(II)TsPc( = 1) + e~ = M(II)TsPc( - 2) + OH"™ (6b)
b1 H*+M(n)TsPcH, (—-2) + e~= M(n)TsPcH,,. ,(-3) (6¢)
H*+ M(n)TsPcH,,(-3) + e~ = M(n)TsPcH,, . ,(-4) (6d)
. H*+ M(n)TsPc(~2) + e~ = M(n)TsPc(—3)H (6e)
- The number of sulfonic acid protons is assumed constant, and is omitted, except in
o examples (6¢) and (6d). Redox reaction (6a) reflects the binding of a hydroxyl group
SN to M(III) in basic medium. Reaction (6b) reflects the likelihood that for the
- positively charged cation radical, a hydroxyl group will bind to the metal to equalize
S the charge, even where the metal is divalent. Reactions (6¢) and (6d) reflect the
| .,-y'.: acid-base behavior of the pendant sulfonic acid residues in TsPc. Reaction (6e) is a
) general example of protonation at bridgehead aza nitrogen atoms. They are weakly
. basic (pK, ~ 2) [1). These would not be expected to contribute to the pH depen-
dence except perhaps for the negatively charged TsPc resulting from the one electron
i reduction.
T Essentially all of the redox processes discussed earlier display a — 59 mv/unit pH
‘.5_:: slope dependence because of one of the above type redox reactions. In alkaline
s solution it is appropriate to replace H* by H,O on the left hand side of these
Aol equations and to add an OH " to the right hand side.
A There are several regions in Fig. 7, however, where the pH dependence ceases.

Thus the Fe(III)TsPc/Fe(II)TsP¢ couple (Peak C) shows no pH dependence in
strong acid media (below pH 4). In this case there is no binding of OH ™ to Fe(III).
All four sulfonic acid groups are probably still completely ionized down to pH
values approaching 1.

As an example, the following more detailed equations may be used to describe the

ot

'Y
L 4

': pH dependence seen in Fig. 7 for Fe-TsPc. The equations (7a-7g) are representative,
:“:. since the actual species may be aggregated in some cases.

a-. Peak 4: pH>4

N (HO),Fe(III)TsPc(-1) + H* + e~ — (HO)(H,0)Fe(111)TsPe( - 2) (7a)

Peak C: pH>4

E'.'Z: (HO)(H,0)Fe(III)TsPc(—2) + H + e~ — (H,0),Fe(II)TsPe(—2) + OH™ (7b)
- Peak 3: pH<4

:::: Acid (H,0),Fe(III)TsPc(—2) + e~ — (H,0),Fe(II)TsPc( - 2) (7¢)
i Peak B: pH <6

= Acid (H,0),Fe(II)TsPc(-2) + H* + e — [ (H,0),Fe(I)TsPc(~2)) "H*  (74)
" Peak 2: pH>6

L (H,0),Fe(I1)TsPc( - 2) + e~ ~ (H,0),Fe(I)TsPc(  2) (7e)
e Peak 1: pH>S

X (H,0),Fe(I)TsPc( - 2) + H,0 + e~ — [(H,0),Fe(I)TsPc( - 3)] + OH" (71)
-

W
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These reactions are based on the assumption that the metal ion may become
six-coordinate, and, therefore, that the phthalocyanine unit is bound edgeway on the
electrode as discussed earlier. Note, however, that a similar set of equilibria could be
written if one coordination site is assumed bound to the graphite (phthalocyanine
sits flat on the graphite) through an oxygen atom. If this is the situation, then the
oxygen axial linkage to the surface would remain intact through all of the oxidation
states. Otherwise, the complex will be essentially completely desorbed after a few
voltammetry cycles and possibly even just one cycle in the experiments where the
TsPc complex is preadsorbed and not present in the solution. The edge orientation
avoids this dilemma. Note further that both Fe(III) and Fe(II) may be six-coordinate
but that Fe(I)TsPc is likely only to be four- or five-coordinate {13} depending upon
the availability of soft ligands.

Equations (7a) and (7b) reflect an aquo-hydroxy reaction bound to the central
iron atom. In the former case, a hydroxyl group balances the positive charge on the
cation radical. Equations (7d)-(7f) show formation of anions whose negative charge
is balanced by a proton which must presumably sit on a bridging azo nittrogen atom
made more basic by the negative charge. The discontinuity between peaks 1 and A
in both Fe and CoTsPc across the pH range (Fig. 7) is curious given their similar
assignment. The adsorbed species on the electrode in alkaline medium is believed to
be essentially non-aggregated while that in acid medium is probably aggregated (see
above). Thus if the species are different in the two pH ranges, a discontinuity would
certainly be possible; however it is puzzling that it should only occur for one set of
peaks.

Similarly if the sulfonic acid residues were all deprotonated in basic medium and
all protonated in acid medium, a discontinuity (or sigmoid curve) would be seen.
While, as discussed above, we expect the sulfonic acid groups to remain deproto-
nated until quite low pH, this may not be true for the doubly negatively charged
species associated with reduction at peak A. Thus the discontinuity could be a
consequence of a rapid changeover from [Pc(SO,)]2~ to Pc(SO,H), near pH = §.

The anomalous high charge of peak 1 for adsorbed Fe-TsPc and Co-TsPc

As indicated earlier concerning Fe-TsPc, the charge under peak 1 in alkaline
media is up to ~ 4 times greater than under peaks 2-4, even through all four peaks
appear to involve one electron process for Fe-TsPc; Co-TsPc peak 1 also has a
anomalous high charge in alkaline media. Any explanation must be compatible with
the observation that the Nernst equation indicates a one electron transfer per
molecule of the adsorbed complex. There are two limiting explanations:

(i) Peak 1 corresponds to four consecutive one electron transfer reactions of one
molecule, all occurring at the same potential; or

(ii) The number of adsorbed molecules which are electrochemically active for the
redox process corresponding to peak 1 is four times greater than for the other three
peaks at more positive potentials.

There is also a limiting condition that two consecutive one electron transfer
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reactions are involved per adsorbed molecule but that twice as many adsorbed
molecules are available for the redox process corresponding to peak 1 as for the
other three peaks. The possibility that a demetallated species is responsible for peak
1 and is present in higher surface concentration than either Fe- or Co-TsPc seems
excluded by the fact that the features of the adsorbed metal free H,-TsPc are not
seen in the voltammograms of the adsorbed Fe and Co complexes. The peaks in the
voltammogram for adsorbed H,-TsPc are not reversible in alkaline or acid media. In
the solution phase both an Fe-tetrapyridino-porphyrazine in aqueous solution [59]
and Fe-TsPc in organic solvent (acetonitrile) exhibit a ~ 2 electron reduction under a
single voltammetry peak. Thus a two electron process is possible at a single
potential, but this does not necessarily mean that two consecutive one-electron
processes are involved, both occurring at the same potential. Since multiple step one
electron transfer processes occurring at the same potential for a given species are
very unlikely, possibly (ii) seems more likel. Non-ideal behaviour and deviation from
eqn. (2), however, might render the value of n = 1 somewhat questionable. Further
work is in progress to clarify this situation.

The charge under peaks 2-4 in Figs. 1 and 3, taken with an assumption of 1
electron/molecule, leads to about 1.3 X 107'° mol/cm?. If we assume that the
observed macroscopic area is the same as the true area, this coverage could be
reasonable for a monolayer with the plane of the TsPc ligand perpendicular to the
surface. If the process responsible for peak 1 corresponds to one electron per
molecule, however, then this would require far more adsorbed TsPc complex than a
monolayer. Perhaps the complex is present in stacks on the surface with not all of
the molecules active for all of the redox processes.

Oxygen reduction

One of the key questions in the oxygen reduction reaction catalyzed by phthalo-
cyanines and other macrocycle complexes is whether the redox potential of the
M(III)/M(II) couple is the most important factor in the catalysis. It has been often
noted that in the case of Co-complexes in solution phase, there is a qualitative
relationship between the oxidation potential of a metal complex and its tendency to
undergo a reversible oxygenation reaction. Complexes at which oxidation potentials
of the central metal ion are relatively negative such as Mn(II), Fe(II), and Cu(I) tend
to the irreversibly oxidized by oxygen. At the other extreme, metals such as Cu(Il),
Zn(1I) or Fe(III) which do not show the metal oxidation voltammetric peaks do not
readily react with molecular oxygen in solution phase. Whether the redox potential
of the M(III) /M(II) couple governs the interaction between the macrocycle molecule
and oxygen, when the former is adsorbed on an electrode surface, is not yet fully
understood. Most authors assume that the macrocycles function as redox catalysts;
i.e., an obligatory step is the reduction of the metal center (1II — II) of the complex
prior to the reduction of O,. Our experiments with Fe- and Co-TsPc also support
this mechanism. However, Bettelheim et al. [19] have reported that O, reduction
catalyzed by Fe(IIl)-tetra-(o-aminophenyl)porphyrin and Fe(III)-tetra~(N-(2-hy-
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;- . droxo-ethyl)pyridyl)porphyrin attached to a glassy carbon electrode starts at poten-

. tials somewhat more positive than for the reduction of the two iron centers. Similar

{-'. results are reported for the adsorbed dicobalt face-to-face porphyrin dimer [18].

:-f'_. These authors claim that the O, reduction occurs after the first but prior to the T
AN second reduction wave of the metal porphyrin in the absence of O,. Bettelheim et al.

(19] explain this through the formation of an oxygen adduct which has its reduction !

- potential more positive than that of Fe(Ill)-porphyrin. However, it is unlikely that f
‘T Fe(III) complexes can form an oxygen adduct. The UV-visible absorption and |
- resonance Raman spectroscopy of Fe(III)TsPc in solution phase [47,49] and electro-

f,'-.:: reflectance measurements of the adsorbed Fe(III)TsPc at potentials where iron is in

\ the oxidation state (III) [31] did not show evidence of the oxygen adduct formation.

On the other hand, the Surface Enhanced Raman Spectroscopy (SERS) study of
Fe(III)TsPc adsorbed on silver electrode has shown that an interaction between
Fe-TsPc and O, exists at potentials where the iron center is in oxidation state (II)

and/or (I) [60).
I In the case of Co(II)TsPc the oxygen adduct formation has been observed by
O using UV-visible absorption spectroscopy in solution phase and also when the
> complex was adsorbed at various electrode surfaces such as Pt, Au and graphite at

__,. potentials more positive than those where O, reduction takes place [31). However, it
(A is not known whether the adduct formation also occurs in the O, reduction region.
The oxidation of Co(II)TsPc by molecular O, at such negative potentials is not
'~ thermodynamically favorable but a very weak interaction is quite possible. Indeed,
:‘;.';: the SERS experiments performed a with silver electrode confirmed this possibility

- [60]).

In contrast to the influence, mentioned above, of O, on the voltammetric peaks of
porphyrin complexes reported by Bettelheim et al. [19), we did not observe any peak
potential shift of Fe-, Co- and Cu-TsPc in the presence of O, (see Figs. 9 and 10).
_ The only changes in the voltammetric curves induced by O, were observed in the
- case of Co(II)TsPc and these were described above. The anodic irreversible wave
' observed in the presence of O, and H,O, (see Figs. 10-12) was found to correspond

to the oxidation of H,0, most probably to the superoxo species, which undergoes
) further oxidation to O, at more positive potentials. In view of the fact that the bare
I~ graphite surface does not show any oxidation current for H,O, under the same
N conditions, Co(II)-TsPc appears to be a catalyst for the H,0, oxidation reaction.
N |
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